Objective: It is unknown if impaired cerebral vasoreactivity recovers after ischemic stroke, and whether it compromises perfusion in regions surrounding infarct and other vascular territories. We investigated the regional differences in CO 2 vasoreactivity (CO 2 VR) and their relationships to peri-infarct T2 hyperintensities (PIHs), chronic infarct volumes, and clinical outcomes.
Perfusion in regions surrounding ischemic areas is associated with recovery. 1 Cerebral vasoregulation maintains steady cerebral blood flow (CBF) in response to changes in CO 2 , but systemic blood pressure (BP) is compromised by microvascular disease and further impaired by stroke. 2 It is not known whether cerebral vasoregulation recovers in older people with ischemic stroke or whether vascular beds in the infarcted hemisphere remain challenged to maintain perfusion. Unrecognized brain infarctions and peri-infarct hyperintensities (PIHs) are common MRI findings during later stages after stroke. 3 It is unknown if the distribution of impaired vasoreactivity extends beyond the infarct region into surrounding gray and white matter and compromises perfusion in other vascular territories and regions distant from the infarct site. Continuous arterial spin labeling (CASL) MRI offers a noninvasive method to measure distribution of perfusion and vasoreactivity. 4, 5 We investigated regional differences in cerebral vasoregulation using CASL MRI at 3 Tesla to determine the long-term impact of ischemic stroke on CBF regulation and outcomes in older patients.
A better understanding of post-stroke CBF regulation may have significant impact on outpatient management, e.g., blood pressure control for optimal cerebral blood perfusion, and future studies of poststroke recovery.
METHODS Subjects. Studies were conducted in the Syncope and Falls in the Elderly Laboratory and at the Magnetic Resonance Imaging Center at Beth Israel Deaconess Medical Center. The stroke patient group consisted of 39 subjects with chronic large artery hemispheric middle cerebral artery (MCA) infarcts documented on MRI or CT during the acute phase, 6.3 Ϯ 5.8 years after stroke, and clinically stable. Neurologic and functional outcomes of stroke patients were assessed by NIH Stroke Scale (NIHSS) and Modified Rankin Scale (mRS). We screened control subjects based on the running average of the stroke patients and we recruited 48 age-, sex-, and hypertension-matched controls, with no clinical history of stroke and no focal deficits on neurologic examination. Twenty-five stroke and 17 nonstroke participants were treated for hypertension. We excluded subjects with intracranial or subarachnoid hemorrhage on MRI or CT, diabetes mellitus, clinically significant arrhythmias, severe hypertension (systolic BP Ͼ200 or diastolic BP Ͼ110 mm Hg or subjects taking three or more antihypertensive medications), morbid obesity, carotid stenosis Ͼ50% for the control and on the nonstroke side for the cases, any metallic bioimplants, and claustrophobia. Intracranial stenosis was not an exclusion in the study because it may play a role in pathophysiology of large vessel stroke. Antihypertensive medications were tapered and withdrawn for 3 days before the study, in order to reduce the acute effects of antihypertensive medications on CBF. Laboratory chemistries included routine blood, glucose, lipid, and renal panels, differential white blood cell count, and urine chemistry panel.
MRI.
All MRI studies were performed on a 3-Tesla GE Signa Vhi or Excite MRI scanner using a quadrature and phase array head coils (GE Medical Systems, Milwaukee, WI). Highresolution anatomic images include three-dimensional magnetization prepared rapid gradient echo (MP-RAGE) ( [4] [5] [6] 7 CASL images were acquired using a custom three-dimensional stack of interleaved spirals fast spin echo sequence (TR/TE ϭ 6,000/ 23.8 msec, echo train length ϭ 66, with a 18 ϫ 18 cm FOV, in the coronal plane and 64 slices with thickness ϭ 3.8 mm, eight spiral interleaves, two averages and a bandwidth ϭ Ϯ62.5 kHz).
Imaging protocol. Labeled and unlabeled images were collected over 2-minute periods during normal breathing (four scans), CO 2 rebreathing with 95% air and 5% CO 2 , and hyperventilation (two scans each). Quantitative CBF data were reconstructed for each condition 4,7 using custom software written in interactive data language (IDL) (Research Systems, Boulder, CO). End-tidal CO 2 was continuously monitored and averaged over 15-second intervals for all conditions. During hyperventilation, end-tidal pCO 2 was monitored and the subject was instructed to alter breathing rate to maintain an approximate pressure of 25 mm Hg. BP was measured in 1-minute intervals.
Image analysis. All image data were automatically saved to a CD-RW attached to the scanner. The data were analyzed on a Linux workstation using tools developed in IDL. Infarcts were outlined on T2-weighted and FLAIR images. PIHs were defined as hyperintense areas adjacent to the infarcts on T2-weighted and FLAIR images and hyperintensities on DWI, and were quantified on FLAIR images. MP-RAGE images were used to quantify volume of white matter (WM), gray matter (GM), and CSF by an inherently circular model in statistical parametric mapping software package (SPM, University College London, UK) involving spatial normalization and tissue classification. 8 A rigid-body model 9, 10 was used for coregistration of MP-RAGE, FLAIR, and CASL images. A template of the three primary vascular distributions was applied to measure perfusion in the anterior cerebral artery (ACA), middle cerebral artery (MCA), and posterior cerebral artery (PCA) territories.
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Figure 1 is an example of perfusion image registration on anatomic images for a subject with right MCA territory infarctions (A) and a control (B). The perfusion CASL image 5 and anatomic MP-RAGE image 1 are coregistered 6 and normalized to standard template. 7 The infarct (red) and PIHs (green) on the structural images, 1,2 DWI, 3 and apparent diffusion coefficient (ADC) map derived from DWI 4 and MCA territory (yellow) are normalized and overlaid on normalized CASL. 7 Several indices of response to CO 2 modulations were calculated. The slope of the regression between CBF and CO 2 , in units of mL/100 g/min/mm Hg, is referred to as the cerebral vasoreactivity (CO 2 VR). We have assessed separately the vasodilation response or ability to augment flow during rebreathing (CO 2 VR Base-RB ) and vasoconstriction response or flow reduction during hyperventilation (CO 2 VR Base-HV ) using same approach. Relative CO 2 VR reflects the fractional change in CBF and CO 2 compared to baseline.
Statistical analysis. Statistical analysis was conducted by Vera
Novak and Peng Zhao. Descriptive statistics were used to summarize all variables. Demographic and laboratory variables were compared between the stroke and control groups using one-way analysis of variance and Fisher exact test. The volumes of normalized WM, GM, and CSF were compared between the groups using the leastsquare models with adjustments for age and sex. In the stroke group, perfusion was compared between the stroke side (22 right, 17 left hemisphere) and nonstroke side for each vascular territory. In the control group, perfusion values were randomized between the right and left hemispheres to match the percentage distribution of infarcts in each hemisphere in the stroke group. For example, perfusion on stroke side was compared to randomized side 1 (RND 1) and perfusion on nonstroke side was compared to randomized side 2 (RND 2) in the control group.
CBF and CO 2 VR were compared between the groups using the least-square models and two-way multivariate analysis of variance with adjustments for age, sex, infarct side, and RND side 1 and 2, and vascular territories. The effects of infarct vol-ume, systolic blood pressure, hypertension, NIHSS, and mRS were assessed using the same approaches.
RESULTS Demographic and laboratory measures.
A total of 172 subjects were screened consecutively and provided informed consent, approved by the Institutional Review Board; 87 subjects completed the protocol study and MRI scanning. Table 1 presents the demographic characteristics, brain volumes, blood pressure, and laboratory results for the stroke and control groups that were similar, except for CSF volume (p ϭ 0.0005), low-density lipoprotein (p ϭ 0.02), and total cholesterol (p ϭ 0.01).
Cerebral blood flow. Figure 2 shows CBF in the ACA (A1), MCA (A2), and PCA (A3) territories during baseline, CO 2 rebreathing, and hyperventilation for the stroke and control groups. In the stroke group, CBF on the stroke side was lower than in the control group in the MCA territory during baseline (p ϭ 0.03) and in all territories during CO 2 rebreathing (p Ͻ 0.0007) and hyperventilation (p Ͻ 0.03). On the nonstroke side, CBF was lower during CO 2 rebreathing in ACA (p ϭ 0.01) and PCA (p ϭ 0.03) territories and borderline in the MCA territory (p ϭ 0.07). Within the stroke group, CBF was lower on the stroke side than the nonstroke side during all conditions and across all territories (p Ͻ 0.0015). (table 2) . There were no significant differences in CO 2 VR among the infarct slices, PIH slices, and whole brain. Flow augmentation during rebreathing was significantly reduced compared to controls and to nonstroke side. Vasodilation response (CO 2 VR Base-RB ) was lower on the stroke side compared to control group in all territories (figure 2, B1-B3) and was also lower on the nonstroke side in ACA (p ϭ 0.008) and MCA (p ϭ 0.03) territories. Within the stroke group, vasodilatation response was lower on the stroke side than the nonstroke side in ACA (p ϭ 0.002) and MCA (p ϭ 0.01) territories. In contrast, flow reduction during hyperventilation was preserved. Vasoconstriction response (CO 2 VR Base-HV ) was greater in the stroke group compared to the control group on both sides. Within the stroke group, CO 2 VR Base-HV was lower on the stroke side than the nonstroke side in all territories.
Similarly, the relative vasodilation and vasoconstriction responses were consistently different between the groups. Within the stroke group, however, there were no significant differences in the relative reactivity between stroke and nonstroke sides. BP did not significantly change between conditions. CO 2 VR was not significantly associated with BP change between conditions. CBF, CO 2 VR, and outcomes. The larger infarct volume and PIH volume were both related to the higher NIHSS (infarct p Ͻ 0.0001, r ϭ 0.7, PIH p ϭ 0.005, r ϭ 0.57) and mRS (infarct p Ͻ 0.0001, r ϭ 0.7, PIH p ϭ 0.001, r ϭ 0.67). In the stroke group, lower baseline CBF on stroke side was associated
Figure 1 Anatomic and perfusion MR images
Example of perfusion image registration on anatomic images for a subject with right middle cerebral artery (MCA) territory infarctions (A) and a control (B). The perfusion continuous arterial spin labeling (CASL) image (5) and anatomic magnetization prepared rapid gradient echo (MP-RAGE) image (1) are coregistered (6) and normalized to standard template (7). The infarct (red) and peri-infarct T2 hyperintensities (green) on the structural images (1, 2), diffusion-weighted image (DWI) (3), and apparent diffusion coefficient (ADC) map derived from DWI (4) and MCA territory (yellow) are normalized and overlaid on normalized CASL (7). FLAIR ϭ fluid-attenuated inversion recovery.
with greater infarct volume and PIH volumes (infarct p Ͻ 0.0001, r ϭ 0.64; PIH p Ͻ 0.0001, r ϭ 0.66) and worse outcomes (NIHSS p ϭ 0.018, r ϭ 0.45 and mRS p Ͻ 0.0001, r ϭ 0.49). Higher baseline CBF indicated less atrophy in both groups, i.e., greater GM volume (stroke p ϭ 0.006, r ϭ 0.46) and smaller CSF volume (control p ϭ 0.002, r ϭ 0.49, stroke p ϭ 0.03, r ϭ 0.45). Lower CO 2 VR on the stroke side was associated with greater infarct (p ϭ 0.01, r ϭ 0.48) and PIH (p ϭ 0.0006, r ϭ 0.48) volumes, higher mRS (p ϭ 0.03, r ϭ 0.48), and higher systolic (p ϭ 0.008, r ϭ 0.48) and diastolic blood pressures (p Ͻ 0.0001, r ϭ 0.52).
Peri-infarct T2 hyperintensities. Figure 1 A7 shows the PIHs area in green. Twenty-seven patients had both infarcts and PIHs and 12 patients had only infarcts. The cases with PIHs were older than cases without PIHs (68.8 Ϯ 2.4 vs 62.6 Ϯ 1.6 years old, p ϭ 0.04), had greater total infarct and PIH lesions volumes (47.63 Ϯ 56.85 vs 4.41 Ϯ 3.48 cm 3 , p ϭ 0.013), lower CBF during all conditions bilaterally (p Ͻ 0.0001), and borderline lower CO 2 VR on the stroke side (p ϭ 0.07). There was a tendency for worse outcomes in PIH cases (NIHSS 3.15 Ϯ 0.5 vs 1.8 Ϯ 0.77, p ϭ 0.17; mRS 1.4 Ϯ 0.2 vs 0.9 Ϯ 0.35, p ϭ 0.24) but it did not reach significance. DISCUSSION This study showed that baseline perfusion and perfusion augmentation in response to CO 2 challenge are chronically reduced after ischemic stroke. Distribution of impaired reactivity extends beyond the infarct area into other major vascular territories and regions distant from the infarct site. Both hemispheres were affected by vasodilation impairment. Perfusion reserve was only 9% in the infarcted and 10% in the noninfarcted hemispheres, compared to 24% reserve in the control group. In contrast, vasoconstriction reserve (Ͼ23%) was normal, and the rate of vasoconstriction was even exaggerated. Since vasodilation is the capability to augment flow in a challenge, the impairment in vasodilation reactivity is of particular importance. In the control group, vasodilatation increased linearly over the physiologic CO 2 range (figure 2, A1-A3). In the stroke group, the vasoreactivity response was nonlinear with a greater blood flow reduction with decreased CO 2 , but weaker rise with increasing CO 2 . This observation motivated the separate analysis of vasoconstriction and vasodilation reserves. These findings suggest that baseline perfusion in the infarcted territory is maintained near maximum reserve capacity, possibly through collateral flow and dilatation of small vessels.
Previous studies reported regional differences in perfusion 12 with normal 13 or chronically reduced vasoreactivity.
14 Reduced vasomotor reserve in the affected hemisphere was also associated with worsening of acute neurologic status poststroke. 15 Elevated oxygen extraction fraction and reduced blood flow and vasoreactivity had impact on long-term prognosis and risk for future strokes in patients with carotid occlusive disease. 16 Peri-infarct hyperintensities are common findings on DWIs during subacute and later stages of stroke, but their relationship to CBF maps has received less attention. PIH lesions are typically within white matter, are larger than isointense lesions, and their distribution may extend into other vascular territories. Increased T2 signal intensity during the chronic phase is attributed to prolonged T2-relaxation time and cellular edema. The mechanisms underlying this phenomenon are not well understood. T2 hyperintensities may indicate a delayed or impaired repair of ischemic tissue and impairments of flow in microvessels. 17 Disruption of blood-brain barrier, accompanied by extravasation of fluid and tissue swelling, may extend into areas of gray and white matter sur- rounding the infarct and affect regions distant from the infarct site. Our study linked PIHs with abnormal vasoreactivity, and provided evidence that T2 hyperintensities are associated with the final infarct volume and neurologic outcomes. Distributions of impaired vasoreactivity and PIHs were similar and extended into other vascular territories and noninfarcted hemisphere. Our results may have implications for therapies directed at improvement of vasoreactivity and perfusion. Recently, it was shown that impaired vasoreactivity can be improved using nitric oxide donors. 18 If effective, this approach may be useful to facilitate perfusion recovery. Further investigations, however, are needed to identify treatment strategies for permanent improvement of vascular reactivity. Second, the observation that lower CO 2 vasoreactivity was associated with higher systemic BP and higher exaggerated rate of vasoconstriction may suggest interactions between CO 2 vasoreactivity and pressure autoregulation. These interactions may further affect perfusion in hypertensive patients and play a role in BP management after stroke. Therefore, combined therapies that would improve endothelial reactivity may be beneficial for long-term outpatient management.
CASL has been successfully applied to assess CBF and cerebrovascular hemodynamic reserve in patients with chronic cerebrovascular disease. 4, 5 CASL measures of cerebral perfusion are highly accurate in detecting lesion laterality in temporal lobe epilepsy, stenotic-occlusive disease, and brain tumors. 19, 20 Among patients with cerebrovascular disease, CASL CBF has excellent concurrent validity when correlated with CBF measured by positron emission tomography 21, 22 or with dynamic susceptibilityweighted magnetic resonance. 19 A correlative study of CASL with CO 2 PET validation demonstrated that quantification of CBF using CASL is feasible and reasonable in patients with chronic occlusive cerebrovascular disease, even when employed in a rou- tine clinical setting. The long transit time, however, may lead to CBF underestimation on the occluded side. In our study, CASL may have underestimated perfusion at low flow states, such as hypocapnia, due to the short decay time of the CASL label (ϳ1 s), and therefore it is possible that the perfusion deficit during hypocapnia may be even greater. A cross-sectional study design, with a modest sample size and specific inclusion criteria, may pose some limitations for data interpretation. With this design, we cannot exclude the possibility that impaired vasoreactivity was present even before the stroke due to a strong coupling between reactivity and stroke risk. However, we were careful to match the controls to stroke patients with a similar distribution of vascular risks, BP, and age. To provide better matched groups, we excluded patients with bad outcomes, large infarcts, and diabetes, who may have even more severe perfusion deficit and endothelial dysfunction. A consequence of our careful matching is that in general population with other comorbidities, the vasoreactivity and flow reserve values may be even lower than measured in this select stroke patient group.
This study has shown that perfusion regulation is persistently altered in patients with chronic large artery ischemic infarcts, and that distribution of impaired vasoreactivity extends beyond the infarcted region into other vascular territories and noninfarcted hemisphere. Notably, the ability to augment flow is impaired while vasoconstriction is preserved or elevated. PIHs are associated with vasoreactivity and with final infarct volume and clinical outcomes. The use of CASL and vasoreactivity imaging is a novel approach for identification of flow regulation that provides new information about regional differences of vasoreactivity after ischemic stroke.
